The inter-hourly variability (IHV) of the Total Electron Content (TEC) over Nigeria during the quiet days (Ap<4) of the year 2013 was examined using ground-based GPS receivers installed at seven (7) different locations across Nigeria by the Nigerian Global Navigation Satellite Systems (GNSS) Reference Network (NIGNET) operated by the office of the surveyor general of Nigeria. Nigeria is a country that lies within equatorial ionospheric anomaly (EIA) region. The IHV was calculated by converting the observed hourly slant TEC (STEC) value into the hourly vertical TEC (VTEC) and the differencing (∆TEC) with its corresponding hourly value from the previous day. There is a clear variation which depicts the expected temporal variability. The IHV in TEC in all the stations ranges between 0-20 TECU (TEC Units). The seasonal variation of the IHV of TEC over Nigeria maximizes (5-20 TECU) during Equinoctial months and minimizes (1-10 TECU) during the Solstice months.
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T.T. Ayorinde, A. B Rabiu, C. Amory-Mazaudier. Inter-hourly variability of total electron content during the quiet condition over Nigeria, within the equatorial ionization anomaly region. Journal of Atmospheric and Solar-Terrestrial Physics, Elsevier, 2016 , 145, pp.21-33. 10.1016 /j.jastp.2016 GPS stations in the equatorial region, Nigeria. The TEC is the total number of electrons present along a column, with a cross section of 1 m 2 , path between the satellite and the receiver, with units of TEC (TECU), where 1 TECU = 10 16 electrons/m². The variability of ionospheric TEC has a very good practical importance in communication systems, and navigation control application. At the equator, the Earth's magnetic field is horizontal and the ExB drift, related to the Laplace (Lorentz) force, is vertical. During the day, when the zonal electric field is eastward the plasma moves up, and reaches higher altitudes, where the pressure gradient and gravity forces become significant compare to the Laplace (Lorentz) force. At these higher altitudes, the plasma is driven by the ambipolar diffusion along the magnetic field lines. This phenomenon is named the equatorial fountain effect. This fountain effect creates the Equatorial Ionization Anomaly (EIA) composed by a trough of density at the equator and two peaks of density at the geomagnetic latitudes 15°N and 15°S (Appleton, 1946) .
This 'fountain effect' is the main driver of the EIA (Martyn, 1955; Townsend et al., 1982; Kelley, 1989; Balan and Bailey, 1995) . At the Equator, due also to the horizontal Earth's magnetic field, there is an enhanced ionospheric electric current, the Equatorial Electrojet (EEJ) circulating along the magnetic equator at altitudes around 105km.
The EIA development depends on a complex coupling of a number of atmospheric processes but foremost it depends on the winds in the upper atmosphere and the Earth's magnetic field at the origin of the ionospheric dynamo electric field. The main following factors affect the EIA's variability with local time, longitude and season; (i) Solar flux, (ii), F-region Neutral Winds, (iii) Quietest and disturbed Magnetic Periods etc. (i) The TEC is strongly related to the solar flux, and as a consequence the solar flux variability is a factor of variability of the TEC. (ii) At the equator, during magnetic quiet period, the EIA is first produced by the ExB drift which moves up the plasma. This electric field is mainly caused by dynamo action of the neutral wind. The neutral winds have seasonal variation related to the seasonal behavior of the main circulation and atmospheric tides; as a consequence the variability of neutral winds and electric field can explain the variability of the TEC.(iii) During magnetic disturbed periods, the influence of the prompt penetration of the magnetospheric electric field convection (Vasyliunas, 1970) as well as the ionospheric disturbance dynamo (Blanc and Richmond, 1980) modify the equatorial electric field and neutral wind; as a consequence the variability of the neutral winds and electric fields during a magnetic disturbed periods can explain variability in the TEC. The study of the variability of ionospheric parameters is of a great scientific interest in understanding the causative mechanism and a great importance in assessing prediction capabilities; these predictions can be used for various radio communication (http://www.iswi-secretariat.org). In the framework of these projects a larger number of GPS stations were deployed all over Africa, and this allowed the development of ionospheric research in Africa.
Many studies were made using GPS derived ionospheric data (Obrou et al., 2009; Ouattara et al., 2012; Bolaji et al., 2012; Bolaji et al., 2013; Oladipo et al., 2014; Bolaji et al., 2015) , on the solar cycle and the seasonal behavior of TEC (Moeketsi et al., 2007; Ackah et al., 2011; Zoundi et al., 2012; Shimeis et al., 2014) , on magnetic storms Adeniyi et al., 2014; De Abreu et al., 2014; Shimeis et al., 2015; Azzouzi et al., 2015) . This paper is the first paper in Africa devoted to the IHV of TEC. This present work considered the difference between the hourly values of TEC from one day to the corresponding value at the same LT hour on the next day as IHV. The paper thus set to investigate the transient and latitudinal IHV of TEC at seven (7) GNSS equatorial stations in Nigeria under quiet condition. The rest of this paper is organized as follows: section 2 describes the data set source and method analysis; the results are given in section 3; while discussion and conclusions separately in sections 4 and 5 respectively.
Data Analysis
The data used for this paper was obtained from the ground-based GPS receiver stations of the Table 2 .
TEC is thus defined by Abdullah et al., (2009) , as:
Where n e (l) is the variable electron density along the signal path and the integration is along the signal path from the satellite to the receiver (Pratap and Enge 2006).
The IHV at hour 't' was obtained by subtracting TEC at the hour 't' on a particular day from its corresponding value on the previous day. Thus IHV of TEC (ΔTEC) is given as;
Where: t is the local time,
( ) is the TEC at local time, ( ) is the TEC at a particular local time "t" on day "i", ( ) is the TEC at same particular local time "t" on the previous day "i-1".
The mean monthly hourly values of the IHV are obtained by estimating the average magnitudes of the successive differences ( ( ) ) in a particular hour for a month. This is the same as Sequential
Variability defined by Rabiu (1992) , Onwumechili (1997) , and Okeke et al. (1998) . figure 5 . The plot of the spatial variation of the IHV of TEC at sunrise (0700 hrs), at daily peak (1400 hrs), and at sunset (2100 hrs) are shown in figure 6.
Results and discussion
Diurnal variation the inter-hourly variability of TEC Figure 2 presents the mass plots of the diurnal variation of monthly mean of TEC for all the stations used in this research for quiet geomagnetic conditions. Generally it is observed that the diurnal variation of TEC in all the stations experiences an increase from about sunrise to a maximum around afternoon and then falls to a minimum at sunset. The diurnal variation of TEC over Nigeria exhibits the characteristics of a typical equatorial station in which the TEC variation is minimum at pre-dawn and increase with the time of the day attaining a maximum in the afternoon and a decrease before sunset. However, the spread in TEC at the solstice months are minimum, whereas at equinoctial months, the spread in TEC is maximum in all the stations. The TEC values (~5 TECU) are a bit higher in FUTY (dip latitude: -1.33°), ABUZ (dip latitude: -0.62°), and BKFP (dip latitude:
0.72°) stations than others. In all these plots the diurnal variation shows a sharp and short-lived day minimum (~5 TECU) in TEC occurring around 05:00 to 06:00 LT and an early (12:00 to 14:00 LT)
day maximum in TEC occurs in all the stations which shows that the ionization of Nigeria ionosphere may be not uniform and this could probably made the internal dynamics of its ionosphere to experience non-uniformity.
This daytime peak is in agreement with the result of Alex and Rastogi (1989) for TEC at some Indian equatorial stations. The daytime maximum was relatively broad in most of the months especially in the equinoctial months and for a longer period. One can infer that the equivalent variability in strength of the EIA and EEJ, already identified by Bagiya et al. (2009) and Aravindan and Iyer This instability at the bottom-side of F-region near the magnetic equator gives rise to TEC depletions and thereby causing plasma bubble in the EIA region. The variability during night hours may also be as a result of the thermospheric neutral wind and temperature due to the cooling at night (Dabas et al., 1984; Prasad and Rama Rao, 1993; Sharma et al., 2005; Dabas et al., 2006; and Chandra et al. 2009 ). The post-midnight IHV may be as a result the F-region dynamo processes. It is also observed that in equinoctial months (March, April, September, and October) in all the stations, there is significant increase in the IHV in the daytime especially when TEC is at peak which may be as a result of the zenith angle of the Sun being directly overhead (~90 o ) the earth and the EIA regions experience more ionization. Prominent secondary peak after sunset, known as post-sunset secondary maximum (PSSM), is also noticed in all the stations. PSSM usually occurred in the evening before midnight and were more pronounced during equinoxes. Wan Hassan et al. (2001) ascribed the PSSM to the irregularity developed by Raleigh-Taylor instability due to the influence of gravitational, electric and magnetic fields during high solar activity. Darg et al. (1977) explained the PSSM in terms of the ExB drift from the equatorial anomaly Region.
The day-to-day (inter-hourly) variations of TEC has been be accredited to the changes in Solar activity and other associated changes in the intensity of the incoming radiations and the zenith angle at which they impinged on the Earth's atmosphere as well as the contributions by the various parameters like EUV flux (Kane, 1982; Mendillo et al., 1980; Modi and Iyer, 1989) , EEJ strength (Rastogi 1990) , meridional neutral winds (Kelley, 2009; Rama Rao et al., 2010) and local atmospheric conditions in the thermosphere.
The flow of plasma in the EIA may also play a significant role in the IHV of TEC in the region. Zhao et al. (2008) suggests that studying very large day-to-day variability under quiet geomagnetic conditions could reveal more about the coupling processes between the ionosphere and lower atmosphere.
Figures 5 and 6 illustrate the IHV in the daytime and that of the night-time of the TEC for all the stations and the seasonal variation of the IHV of TEC for daytime and night-time for all the stations. It is observed that the IHV of TEC over Nigeria is more prominent in the daytime than the night-time most especially in the March equinox, which may be due to the high solar radiation in the daytime and EEJ strength associated with the EIA (Rastogi and Rajaram 1971) , meridional neutral winds (Kelley, 2009; Rama Rao et al., 2010) and local atmospheric conditions in the thermosphere. It was believed that the extent of the anomaly in the EIA region affects the EEJ strength (Sethia et al., 1980 , Balan and Iyer 1983 , Dabas et al., 1984 , Rama Rao et al., 2006a . It is also observed that the night-time variability is higher than the daytime in the months of September (FUTY OSGF ULAG UNEC), October (CLBR, OSGF, ULAG, UNEC), November (BKFP, CLBR, OSGF, ULAG), and December (ABUZ, BKFP). The variability during daytime could be attributed to electric field strength that gives rise to vertical drift and consequent ionization anomaly, while the variability during night hours may be due to the Rayleigh-Taylor plasma instability, the variability in thermospheric neutral winds and temperature (Chandra et al., 2009 ). Rishbeth and Mendillo (2001) .
The Seasonal inter-hourly Variability of TEC. Figure 7 shows the variation of the seasonal IHV of the TEC at all the stations used in this research.
It was noted that the variability is highest in the September equinox of both years and minimizes at June solstice, this result is in good agreement with the result of Kitsadawanich et al. (1999 ), Bagiya et al. (2009 ), and Chauhan et al. (2011 . The seasonal plot of the nighttime and daytime of the interhour variability shows that the June solstice months has the lowest variability in all the stations (~5 TECU). It was also observed that the minimum value (~7 TECU at equinoxes and ~5 TECU at June Solstice) was recorded in OSGF station and the maximum value (~12 at equinoxes and ~16 at June Solstice) was recorded in BKFP station. This result links the work of Soicher and Gorman (1985) who noted that the winter and summer data indicate that during non-magnetically-disturbed periods,
the TEC values are at the diurnal peak, exceeding the monthly mean values, which tends to occur on consecutive days, and also during the equinoxes the peak values may occur randomly, and concluded that day-to-day variability of TEC over a place is the most difficult quantity to predict, the results have implications for prediction improvement. But Tsai et al. (2001) suggested that the phenomena could be fully explained by a combined theory of the transequatorial neutral wind, the subsolar point, and the aurora equatorward wind. The result show that TEC variability in September equinox is greater than March equinox and this may be due to the position of locations considered on earth to the Sun at the different equinoxes. In all it shows TEC variability in December solstice is higher than June solstice in all the stations. Considering the magnetic indices Ap and the high TEC variability recorded in March equinox and December solstice in all the stations, the ionospheric dynamics over
Nigeria could have played a major role in the IHV of TEC.
Conclusion
We have analysed the TEC dataset in seven (7) NIGNET GPS stations at different locations across Nigeria in order to investigate the IHV of TEC during the quiet condition over the country. 
